DHX15 plays a role in leukaemogenesis and leukaemia relapse. However, the mechanism underlying the transcriptional regulation of DHX15 in ALL has not been elucidated. Our present study aimed to explore the functional promoter region of DHX15 and to investigate the transcription factors controlling the transcription of this gene. A luciferase assay performed with several truncated constructs identified a 501-bp region as the core promoter region of DHX15. Site-directed mutagenesis, electrophoretic mobility shift and chromatin immunoprecipitation assays showed that ETS1 and SP1 occupied the DHX15 promoter. Furthermore, knockdown of ETS1 and SP1 resulted in suppression of DHX15, whereas the overexpression of these genes led to up-regulation of DHX15. Interestingly, in samples obtained from patients with ALL at diagnosis, both ETS1 and SP1 correlated positively with DHX15 expression. Additionally, differences in methylation of the DHX15 core promoter region were not observed between the patients and controls. In conclusion, we identified the core promoter region of DHX15 and demonstrated that ETS1 and SP1 regulated DHX15 expression in ALL.
Human RNA helicases (HRHs) are a large family of enzymes that participate in RNA processing. Mutations, aberrant expression and
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chromosome abnormalities in RNA helicases have been identified in haematological malignancies. DDX3X mutations have been identified in chronic lymphocytic leukaemia 6 and Burkitt's lymphomas, 7, 8 although the exact significance of these mutations is not clear. The DDX10 gene fuses with the NUP98 gene to form the chimeric gene NUP98-DDX10, 9 which is involved in de novo or secondary myeloid malignancies 10, 11 as well as imatinib resistance. 12 The multiplication and self-renewal of primary human CD34+ cells can also be highly accelerated by NUP98-DDX10. 13 Dysregulation of DDX32 expression has been demonstrated in lymphoid neoplasms, 14, 15 suggesting that this gene may contribute to carcinogenesis. These limited studies reveal that some members of the human RNA helicase family may play diverse biological roles in haematologic malignancies.
The DHX15 gene (alias PRP43) is a member of the DEAH-box family and is located on the minus strand of chromosome 4 (4p15.3). 16 Recent evidence has suggested that DHX15 may contribute to carcinogenesis, and overexpression of DHX15 has been observed in lung adenocarcinoma samples. 17, 18 Semiquantitative RT-PCR analysis showed up-regulation of DHX15 in breast cancer cells.
RNAi-mediated DHX15 suppression inhibited the proliferation of MCF-7 and T47D human breast cancer cells. 19 The DHX15 p.R222G mutation has been identified in de novo or relapsed acute myeloid leukaemia (AML) and myelodysplastic syndrome (MDS) patients and has been implicated as a potential new AML driver gene. [20] [21] [22] [23] Using real-time qRT-PCR and Western blotting, we observed higher DHX15 mRNA and protein levels, respectively, in human ALL samples than in normal bone marrow (BM) cells. Knockdown of DHX15
in Jurkat cells leads to impaired cell proliferation and increased apoptosis. 24 The TSS of the DHX15 gene was identified in a previous study. 16 However, the transcriptional regulatory mechanism of DHX15 in ALL remains unknown. Our present study explored the putative promoter region of the DHX15 gene to characterize the transcriptional regulatory mechanisms of DHX15 expression in ALL.
The results revealed a 501-bp functional promoter region of DHX15 that harboured binding sites for ETS1 and SP1, which regulate DHX15 expression. Overlap extension PCR (OE-PCR) 25 was used to mutate the ETS1-and SP1-binding sites. The pGL4.10-345 plasmid was utilized as a template for the first round of OE-PCR. The presence of the expected mutations in the plasmids was confirmed by Sanger sequencing. All fragments were amplified using the primers listed in Table S1 . 
| MATERIALS AND METHODS

| Cell lines and patient samples
| ETS1 and SP1 constructs
The full-length cDNA sequence for human SP1 was obtained by PCR using primers (Table S1) Kit following the manufacturer's instructions (Beyotime). The 5 0 -labelled biotin probes corresponding to the putative ETS1 and SP1 sites were synthesized and annealed (Beyotime , Table S1 ). For regular EMSA, 20 lg of nuclear extract was incubated with the biotinylated probes at 25°C for 30 minutes. To confirm the binding specificity, a 100-fold excess of unlabelled competitive probe (either a cold probe or a mutated cold probe) was used. To further determine the binding specificity, 4 lg of an antibody that recognized ETS1 or SP1 was also added to the reaction mixture and incubated at 25°C for 30 minutes according to the supershift assay protocol.
| Chromatin immunoprecipitation assay (ChIP)
The ChIP assay was performed with the EZ-Magna CHIP ™ A kit (Millipore, MA, USA) according to the manufacturer's instructions.
Briefly, two million Jurkat and NALM6 cells were harvested, crosslinked, lysed and sonicated (7-seconds bursts with a 50-seconds rest period at 20% power using the VibraCell ™ sonicator). A 1% aliquot of the sample was used as the input DNA control. The remaining cell lysates were incubated with an RNA POL II (Millipore), ETS1 (CST), SP1 (CST) or IgG antibody overnight with rotation. Then, the samples were precipitated using protein A magnetic beads (Millipore).
The chromatin-protein complexes were washed and eluted, and the cross-linking was subsequently reversed. After purification of the precipitated DNA, the samples were analysed using PCR. The PCR amplifications were performed with 30 cycles at 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 30 seconds. An unrelated region of GAPDH was amplified to determine the binding specificity.
The DNA primers used for the PCR are listed in Table S1 .
| RNA interference
Hollenhorst et al 27 previously described the small interfering RNA (siRNA) target for ETS1, and Lars Andresen et al 28 
| Quantitative PCR
Total RNA was extracted using TRIzol (Invitrogen). The concentration and purity of the RNA were determined using a spectrophotometer (NanoDrop 1000, Thermo Scientific). A total of 2 lg of RNA was reverse-transcribed into cDNA using the PrimeScript RT Reagent Kit (Takara, Dalian, China) and the ABI2720 thermocycler (Applied Biosystems, USA). qPCR was performed with the ABI7500 real-time PCR system (Applied Biosystems) and FastStart Universal SYBR Green
Master Mix (Roche). The primers used for quantification are listed in Table S1 . The mean triplicate cT values of each cDNA sample were calculated and then normalized to GAPDH. The relative gene expression levels were obtained using the 2 ÀDDCt method as previously described. 
| BSP
The EpiTect Fast Bisulfite Kit (QIAGEN) was used for bisulphite modification of the genomic DNA. The core promoter region of the DHX15 gene, which spans a 260-nucleotide (nt) fragment with 30
CpG sites from À154 to +96 nt, was amplified through two rounds of PCR using primers (Table S1) 
| Statistical analysis
The patient samples were stratified into low and high DHX15 expression groups based on the median value. The statistical Additionally, SP1 has been implicated in epigenetic regulation 31 and chemosensitivity 32, 33 in ALL. An ETS1-binding site was also revealed.
ETS1 has been implicated in the pathogenesis of ALL. 34 Site-directed mutagenesis suggested that the ETS1 and SP1 transcription factors were essential for DHX15 promoter activity. A mutation that altered two bases of the ETS1-binding site reduced the DHX15 promoter activity to 69% (P < .0001) ( Figure 2B ). Simultaneous mutations of two sites affecting the SP1-binding site reduced the promoter activity to 62% (P < .0001) ( Figure 2B ). In addition, mutations in the binding sites for both ETS1 and SP1 (designated the pGL4.10-double mutant) reduced the promoter activity to 34% ( Figure 2B ), indicating that these transcription factors had an additive effect. The ChIP assay revealed that RNA polymerase II bound to the DHX15 promoter (À303 to À165) ( Figure 2C ). CpG islands often contain potential core promoter elements, [35] [36] [37] and CpG islands were identified in the DHX15 core promoter using MethPrimer (Figure 2A ). 38 Taken To analyse recruitment of ETS1 and SP1 to the DHX15 core promoter, we performed a ChIP assay followed by PCR. A clear band was observed in the Jurkat and NALM6 cells, whereas no band was detected in the negative control ( Figure 3B ). The results indicated in vivo occupancy of the DHX15 core promoter by ETS1 and SP1.
The ChIP and EMSA analysis results support the hypothesis that and SP1 further enhanced the DHX15 mRNA and protein levels.
Taken together, the current data suggested that ETS1 and SP1 transcriptionally drove DHX15 expression through their occupancy on the DHX15 promoter.
3.5 | The ETS1 and SP1 levels were correlated with
DHX15 expression in ALL
To assess the correlation between ETS1 and SP1 and DHX15 in a clinical setting, DHX15, ETS1 and SP1 expression was investigated using qPCR. Utilizing Spearman's rho, we observed a positive correlation between DHX15 and either ETS1 (r = .5144) or SP1
(r = .7388), indicating that these two variables were statistically After removal of the cross-links, the immunoprecipitated DNA was PCR-amplified using a primer flanking the basal DHX15 promoter region from À303 to À159 bp. The PCR products were subjected to agarose gel electrophoresis dependent on one another ( Figure 5A ). We also investigated the biological relevance of ETS1 and SP1 for DHX15. Patients were stratified into groups with low or high DHX15 expression based on the median cut-off value. Remarkably, we observed significant positive correlations of the transcription factor levels with DHX15; specifically, patients expressing low DHX15 levels also showed low expression levels of either ETS1 or SP1, whereas patients with high DHX15 expression demonstrated high levels of ETS1 and SP1 (both P < .0001) ( Figure 5B ). These data further indicated that ETS1 and SP1 regulated DHX15 expression in human ALL. Additionally, correlations of clinical characteristics and the DHX15 levels were assessed in the patients with ALL. The DHX15 expression levels were correlated with peripheral blood blasts (Table S2 ).
3.6 | CpG methylation at the DHX15 promoter is not involved in DHX15 overexpression in ALL
The methylation status based on bisulphate sequencing of the core promoter region of DHX15 is shown as lollipop diagrams in Fig- ure S1. Differences in DHX15 core promoter methylation were not observed between the 6 patients with ALL and the 6 healthy controls (P > .05). The CpG sites in the DHX15 gene core promoter of all samples showed a hypomethylated status.
| DISCUSSION
Recent studies have suggested that DHX15 mutations can drive leukaemia. Higher DHX15 expression predicts a significantly worse prognosis in multiple myeloma, 39 breast cancer, 39 lung adenocarcinoma 39 and AML. 24 Transcriptional regulation is crucial for gene expression. However, the mechanism underlying the transcriptional regulation of DHX15 in ALL is unknown. Our present study provided the first characterization of a 501-bp core promoter region in the human DHX15 gene and showed that ETS1 and SP1 directly activated DHX15 expression. were used as competitors at concentrations that were in a 100-fold molar excess to the biotinlabelled probe. Supershift assays were performed with 4 lg of a specific antibody against ETS1 or SP1 (lane 4). B, Equal amounts of Jurkat and NALM6 chromatin were immunoprecipitated with antibodies for ETS1 and SP1 and subsequently quantified through agarose gel electrophoresis using a primer set specific for the basal region (À181 to À36 bp). Moreover, immunoprecipitated DNA was amplified using a primer set specific to the off-target region (GAPDH) shown in the lower panel as a negative control CpG islands. 35 The results of our in silico analysis showed the presence of CpG islands and ETS1-and SP1-binding sites in this region.
The core promoter is the site of action of the RNA polymerase II transcriptional machinery. 35 Our ChIP assay showed that RNA polymerase II bound to the DHX15 promoter (À345 to +156). These findings strongly suggested that the core promoter region of DHX15
was located within the 501-bp region.
The ETS1 oncogene belongs to a large family within the ETS domain family of transcription factors. ETS1 is involved in the development, differentiation and apoptosis of lymphoid cells. Elevated ETS1 expression has been demonstrated in immature T leukaemic cells 40 and small lymphocytic cell lymphoma. 41 Shachar Raz et al 42 revealed that ETS1 was associated with antifolate resistance. ETS1
has also been implicated in T cell maturation arrest in T-ALL. 34 High hTERT expression has been observed in ALL, 46 and the SP1 transcription factor plays a critical role in basal hTERT expression in Jurkat T cells 47 ; additionally, SP1 regulates hTERT transcription in the leukaemia-initiating cells of B-ALL. 48 These studies show that SP1 is an important mediator that exerts its effects in ALL via downstream signalling molecules.
These findings prompted an investigation of the functional relevance of the binding sites for these transcription factors on the DHX15 promoter. Site-directed mutagenesis studies showed that ETS1 and SP1 were putative transcriptional regulators of the DHX15
promoter. The EMSA analysis results confirmed the in vitro interaction of these transcription factors with the DHX15 promoter. Using the ChIP assay, we confirmed that these interactions occurred in vivo. Overexpression and RNAi studies confirmed that the DHX15 gene was transcriptionally regulated by ETS1 and SP1. Dysregulation of DHX15 as an interacting partner with other proteins has been studied in breast cancer 19 and prostate cancer. 49 Here, we contribute to the understanding of the protein-DNA interactions of the ETS1 and SP1 transcription factors with the DHX15 gene promoter. The qPCR results were evaluated for correlations using Spearman's correlation coefficient, and the correlation coefficient "r" was calculated. B, Box plot analyses comparing the ETS1 and SP1 levels between samples with low and high DHX15 expression levels. All qPCR results were normalized to GAPDH. The samples were divided into low and high DHX15 expression groups based on the median value
